Themes
There is a general consensus that diet rich in plant-based foods has many advantages in relation to the health and well-being of an individual. In adults, diets that have a high proportion of fruit and vegetables and a low consumption of meat are associated with a highly diverse microbiota and are defined by a greater abundance of Prevotella compared with Bacteroides, whereas the reverse is associated with a diet that contains a low proportion of plant-based foods. In a philosophical term, our consumption of processed foods, widespread use of antibiotics and disinfectants, and our modern lifestyle may have forever altered our ancient gut microbiome. We may never be able to identify or restore our microbiomes to their ancestral state, but dietary modulation to manipulate specific gut microbial species or groups of species may offer new therapeutic approaches to conditions that are prevalent in modern society, such as functional gastrointestinal disorders, obesity, and age-related nutritional deficiency. We believe that this will become an increasingly important area of health research. colon cancer; dysbiosis; gastrointestinal tract; microbiota; natural products "The doctor of the future will no longer treat the human frame with drugs, but rather will cure and prevent disease with nutrition." -Thomas Edison
Natural Products and Human Health
A large number of diverse natural products or secondary metabolites produced from plants are integral to normal cell growth, development, or the reproduction of organisms. In some cases, these plants have been utilized as key food sources or herbal remedies by human societies for thousands of years. Many of the metabolites of these plants have important biological properties, which make them desirable candidates for optimization of drug discovery and developmental processes.
Consumption of natural products and vegetables can reduce risk of a series of life-threatening diseases, including cardiovascular disorders, diabetes, and cancer. Population-based studies, including case-control and cohort studies, indicate that five or more servings of fruits and vegetables a day reduces the risk of developing cancer by half, especially for cancers of the digestive and respiratory systems. The National Cancer Institute has identified plant-based foods that contain cancer-preventive properties, including soybeans, garlic, onion, ginger, turmeric, tomatoes, and cruciferous vegetables (135) . The antiproliferative activities of many fruit and vegetable extracts derive from a combination of phytochemicals inside, leading to potential anti-inflammatory and anticancer usage (26, 134) . Currently, most immunomodulatory agents that are also anticarcinogenic belong to two classes: 1) blocking agents that inhibit tumor initiation and 2) suppressing agents that attenuate tumor progression and frank malignancy (154) . Because of safety concerns related to potent chemotherapeutic drugs, phytochemicals derived from the diet are considered potential alternatives to chemoprevention (119) .
The phytochemicals in many fruits and vegetables have complementary and overlapping modes of action, such as free radical scavenging and antioxidant activity, gene regulation in cell proliferation and apoptosis, etc. Dietary chemopreventive compounds functioning as detoxifying enzyme inducers primarily include phenolic and sulfur-containing compounds. Phenolic compounds may be classified into polyphenols and flavonoids including epigallocatechin-3-gallate (EGCG) from green tea, curcumin from turmeric, and resveratrol from grapes. Quercetin from citrus fruits and genistein from soy are examples of flavonoids. Sulfur-containing compounds similarly may be classified into isothiocyanates and organosulfur compounds. Isothiocyanates include, among others, sulforaphane from broccoli, phenethyl isothiocyanate from turnips and watercress, and allyl isothiocyanate from Brussels sprouts. Organosulfur compounds chiefly include diallyl sulfides from garlic oil. Dietary isothiocyanates are derived in vivo from the hydrolysis of glucosinolates present in cruciferous vegetables.
Given the fact that phytochemicals are natural, comparatively safe, and low cost, researchers around the world have begun to focus on their characteristics. The key question, however, is whether a purified phytochemical has the same health benefits as the same constituent when being present in the whole food or a mixture of dietary components. Epidemiological studies have suggested that herbal medicines or fruit extracts play a major role in the prevention and treatment of many types of cancer, including that of the colon (98, 107, 147) . Despite these studies, a report published in 2007 found severe skepticism regarding the protective nature of fruits and vegetables against cancer (66) . However, it is important to keep in mind that a plethora of factors, including the amount of phytochemicals consumed, have to be considered before a pessimistic conclusion can be drawn. In general, appropriate concentrations of dietary phytochemicals along with mecha-nistic studies are essential to generate conclusive results that are physiologically relevant. Hence, it is imperative to unveil the exact physiological (or nutritional) dose of the phytochemicals or herbal extracts that can be used to improve and maintain optimal health. Since the development of many cancers, in particular colorectal cancer, involves multiple signaling pathways and numerous molecular targets, the use of a single phytochemical molecule may not suffice in isolation. Nonetheless, it has been proven that a mixture of bioactive herbal compounds or phytochemicals, possibly with synergistic effects from constituents, can effectively prevent mutations, modulate inflammation and immune responses, and prevent tumor cell proliferation (75) . Despite enormous strides in the effort to search for novel drugs and treatments, cancer continues to be a major public health problem. Moreover, the emergence of resistance to cancer chemotherapy often prevents complete remission. Researchers have thus begun to turn to natural products from plant origin to circumvent resistance. A summary of dietary plant extracts or bioactive compounds thought to be effective in the treatment of cancers are described below under individual headings.
Pectin. Henri Braconnot, a French chemist and pharmacist in 1825, was the first to discover a heteropolysaccharide with gelling properties, which he named "pectic acid" (74) . Pectins are a family of covalently linked galacturonic acid-rich polymers that are found in high amounts in the cell wall of the plants. The main role of the cell wall components is to give mechanical strength to plants, to maintain an extracellular water phase by imbibition, and to provide a barrier from external environment. Pectin and pH-or heat-modified pectin have demonstrated chemopreventive and antitumoral activities against some aggressive and recurrent cancers. In addition to being used as a gelling agent in the food industry, pectin displays properties useful in medicine (72) . In humans, pectin, as a dietary fiber, is not enzymatically digested in the small intestine but is degraded by the microbiota in the colon. It keeps its gelling action in the digestive tract, so that it slows down digestion. This is especially beneficial to patients with dumping syndrome who exhibit rapid gastric emptying, a condition in which ingested foods bypass the stomach too rapidly and enter the small intestine largely undigested (73) . Pectin diminishes blood cholesterol level and stimulates lipid excretion. However, the exact mechanisms underlying these effects are not known (16) . PectaSol, a modified form of pectin, when eaten during several days, allows a better clearance via the urinary tract of toxic elements like arsenic or cadmium, which seem to be chelated by modified pectin and then eliminated in the urine (35) . In addition, several studies have shown that orally taken pectin decreases the risk of intestinal infection and of diarrhea in children by favoring the growth of Bifidobacteria and Lactobacillus bacterial species in the colon (95) .
We have shown in an in vivo model of Citrobacter rodentium (CR) that dietary pectin modulates colonic crypt hyperproliferation and hyperplasia (20, 21, 143) . In susceptible hosts, when CR-infected mice were placed on 6% pectin diet for 9 days starting 2 days post-CR infection, it 1) reduced the morbidity and mortality of CR-infected C3H mice, 2) restored the junctional labeling of ␤-catenin/E-cadherin and ZO-2, and 3) restored mucosal barrier function. Additionally, we found that mice treated with dietary pectin and subjected to 14 Gy irradiation (IR) had significant crypt stem cell survival following microcolony assay (unpublished observation). Furthermore, IR-subjected mice treated with pectin had improvement in overall survival compared with mice treated with normal diet. Thus pectin administration following severe IR can mitigate radiation-induced deletion of gut stem and/or progenitor cells, facilitate crypt regeneration, enhance mucosal barrier function, and ultimately promote survival. This important work may begin to justify the use of prebiotics as a preventive or chemoprotectant.
As a dietary fiber, pectin also plays a role in preventing colon cancer. In 1979, Watanabe et al. (153) showed that rats treated with azoxymethane or methylnitrosourea developed less colon tumors if their diet was enriched in pectin. Heitman et al. (47) similarly demonstrated fewer colon tumors in rats treated with 1,2-dimethylhydrazine if they were given pectin. Ohkami et al. (94) evidenced that citrus and apple pectin in the diet of rats exposed to azoxymethane decreased carcinogenesis. Both types of pectin decreased the number of tumors, and apple pectin decreased the activity of ␤-glucuronidase, an enzyme from fecal bacteria whose activity has been linked to colon cancer development.
Colon carcinogenesis is a multistep process that results from disruption of the balance between proliferation of colonocytes at the base of the colonic crypts and loss of colonocytes at the luminal surface due to apoptosis. Most colon cancer cells become resistant to apoptosis, hence promoting tumor growth. A chemoprotection strategy that restores luminal colonocyte sensitivity to apoptosis would have tremendous potential. Indeed, in a study by Schwartz et al. (118) , a pectin-rich diet, compared with a standard diet, facilitated the expression of caspase-1 in luminal colonocytes from colon crypts and increased cleaved PARP level in basal and luminal colonocytes of rats. Similarly in an elegant study, Avivi-Green et al. (9) demonstrated that activation of apoptosis due to a pectin-rich diet had protective effects and diminished the number and the size of tumors in rats treated with 1,2-dimethylhydrazine. Colonocytes of rats receiving dietary pectin exhibited a high activity of caspase-1 with a higher level of cleaved PARP. Pectin per se may induce apoptosis since the viability of cells exposed in culture to different pectin-derived oligosaccharides is decreased. In similar studies in either colon cancer or pituitary tumor cells, pectin has been shown to induce various levels of DNA fragmentation and apoptosis in a concentrationdependent manner (7, 96) . In combination with n-3 polyunsaturated fatty acid-rich fish oil, pectin intervention was associated with a decrease in Bcl-2 expression due to promoter methylation (25) as well as to changes in the expression profile of miRNA targeting canonical oncogenic signaling pathway (24, 31, 121) .
Interestingly, pectin's ability to modulate apoptotic machinery is predominantly mediated by butyrate, a metabolite generated following bacteria-induced fermentation of pectin in the colon (8, 9) . Indeed, intracolonic instillation of butyrate recapitulates the effect of orally administered pectin (8) . Butyrate is also able to induce apoptosis in colonocytes in vitro in a p53-independent manner (64) and by inducing mitochondrial Ca 2ϩ overload (63) . In parallel, both in vitro in rat intestinal epithelial cells exposed to butyrate and in mice fed with a diet supplemented with 20% pectin, TGF-␤ signaling is enhanced, leading to colonocyte growth inhibition and apoptosis. Apo-ptosis seems to be induced via an increased expression of inhibitor of differentiation 2, probably via inhibition of selective isoforms of HDACs (17) . In recent studies, our laboratory has used the CR infection model to demonstrate significant inhibitory effect of pectin on Wnt/␤-catenin signaling as well as immunomodulatory effect on epithelial-stromal cross talk via NF-B signaling (21, 143) .
In summary, pectin has been shown to exert significant anti-inflammatory and antitumor activities through different cell lines and in a variety of mouse models. As a dietary fiber, pectin is not digested in the upper digestive tract but is fermented in the colon by bacteria into butyrate, which inhibits colon inflammation and prevents carcinogenesis. pH-modified pectin as well as galactan-rich pectin are capable of interacting with galectin-3, thus inhibiting cell-cell interactions and cancer cell metastasis. Furthermore, homogalacturonan-rich pectin with a high degree of esterification competes with LPS for TLR4 binding, hence preventing inflammatory cell activation. Finally, heat-modified pectin initiates apoptosis in cancer cells, in a galectin-3-independent manner. The exact structure and the mechanism of action of modified pectin molecules is not yet known. But modified pectin may be a promising antimetastatic drug in humans, especially if used in combination with more conventional molecules.
Curcumin. Turmeric is derived from the rhizomes of the plant Curcuma longa, a member of the ginger family. Curcumin, which has potent antioxidant and anti-inflammatory properties, is the most active ingredient of turmeric (62, 112) . Curcumin has been shown to inhibit both constitutive and inducible NF-B activation and to promote TNF-induced apoptosis. In an in vivo model of colonic crypt hyperproliferation/hyperplasia and/or inflammation associated with significant epithelial and stromal compartmentalization of NF-B activity, we showed recently that curcumin significantly blocked NF-B activity in the stroma. It also controlled NF-B activation in the crypts to allow crypt regeneration following an inflammatory insult (21) , suggesting a potent immunomodulatory role. We believe that curcumin is similar to a pectin diet and provides a potent immune modulator that maintains homeostasis in the colon by regulating NF-B-dependent epithelial-stromal cross talk in vivo (21) .
We and other investigators have also demonstrated that curcumin inhibits several important signaling pathways including Notch and Wnt signaling (4, 132) . Interestingly, it was found that curcumin could inhibit mammosphere formation and could also decrease the amount of aldehyde dehydrogenase-positive cells in normal and malignant breast cancer cells through the inhibition of Wnt signaling (23), suggesting the inhibitory effects of curcumin on breast cancer stem cells (23) . Curcumin has also been found to inhibit the expression of several molecules in Wnt/␤-catenin pathway including disheveled, ␤-catenin, cyclin D1, and slug in both MCF-7 and MDA-MB-231 breast cancer cells (23) . Immunofluorescence staining showed that curcumin significantly reduced the nuclear expression of disheveled and ␤-catenin proteins. The expression levels of GSK-3␤ and E-cadherin were also altered by curcumin treatment (103) . These findings suggest that curcumin likely inhibits cell proliferation and induces apoptosis through regulation of ␤-catenin signaling in human breast cancer cells.
In colon cancer, curcumin treatment has been shown to promote p53-and p21-independent G2/M arrest and apoptosis in HCT-116 cells (53) . In addition, curcumin has also been implicated in caspase-3-mediated modulation of Wnt/␤-catenin signaling, decreased promoter DNA-binding activity of the ␤-catenin/TCF/LEF complex, and decreased levels of c-Myc protein (53) , suggesting a protective effect. Curcumin delays the progression of osteosarcoma by suppressing intrinsic and activated ␤-catenin/TCF transcriptional activities. Overexpression of the wild-type ␤-catenin in osteosarcoma cells enhanced cell invasiveness whereas curcumin significantly blocked cancer cell invasion by targeting ␤-catenin and its downstream targets including matrix metalloproteinase (MMP)-9, cyclin D1, c-Myc, and survivin (76) , suggesting that curcumin has therapeutic potential for the treatment of osteosarcoma. During microarray profiling, the expression of Wnt pathway components, AXIN2 and FRA1 (FOS-like antigen 1) decreased following curcumin treatment (122) , providing additional evidence in support of the inhibitory effects of curcumin on Wnt signaling. Ryu et al. (113) reported that novel curcumin analogs, demethoxycurcumin and bisdemethoxycurcumin, can efficiently attenuate the Wnt/␤-catenin pathway through downregulation of the transcriptional coactivator p300, which is a positive regulator of the Wnt/␤-catenin pathway. In addition, curcumin also inhibited inflammation-induced obesity through the suppression of Wnt signaling (3), suggesting that Wnt signaling pathway is involved in curcumin-induced suppression of adipogenesis (5) .
Studies have also shown that curcumin suppresses medulloblastoma cell proliferation by modulating the cross talk between Hedgehog and Wnt signaling pathways. More importantly, curcumin could enhance the efficiency of nontoxic doses of cisplatin and ␥-rays through the downregulation of Bcl-2 (34), which is also a downstream gene of Hedgehog signaling. These results indicate that curcumin, a natural nontoxic compound, could be a promising agent in Shh-targeted therapy for the treatment of medulloblastomas. Although curcumin's poor absorption and low systemic bioavailability limit the access of adequate concentrations for pharmacological effects in certain tissues, active levels in the gastrointestinal tract have been found in animal and human pharmacokinetic studies. Curcumin has been used clinically in humans to treat various cancers, inflammatory disorders, skin diseases, and neurodegenerative diseases (129) . Currently, sufficient data have been shown to advocate phase II and phase III clinical trials of curcumin for a variety of cancer conditions including multiple myeloma, pancreatic, and colon cancer.
Isoflavones. Flavonoids in general are subdivided into subclasses including flavonols, flavones, flavanones, flavan-3-ols, anthocyanidins, and isoflavones. Isoflavones are found predominantly in members of the Leguminosae family. Soy, lentil, bean, and chickpea are sources of isoflavones. Genistein, daidzein, and glycitein are the three main isoflavones found in soybeans and most soy-protein products. Epidemiological studies suggest that dietary intake of flavonoids may reduce the risk of tumors of the breast, colon, lung, prostate, and pancreas (1, 2, 46, 52) . Isoflavones, particularly genistein and daidzein, exert their antioxidant effects on human cells by scavenging free radicals and reducing the expression of stress-response related genes. Genistein is also well known as a tyrosine kinase inhibitor, and most studies suggest isoflavones to have a pleiotropic effect that targets multiple signaling pathways (115) .
Themes
Studies have found that isoflavone mixtures significantly inhibit the activation of Wnt signaling (79) , aberrant regulation of which represents the hallmark of numerous cancers including colon cancer (101) . Isoflavone specifically attenuated Wnt signaling in prostate cancer cells by promoting GSK-3␤-dependent phosphorylation and degradation of ␤-catenin (79) . Isoflavone genistein has also been shown to upregulate Ecadherin expression and block Wnt-1-induced cell proliferation by targeting cyclin D1 and c-Myc (131) . Isoflavone genistein also inhibited the expression of Wnt-5a (130) , suggesting that genistein can also modulate Wnt signaling. More recently, genistein was found to inhibit Dkk-1, an antagonist of the Wnt/␤-catenin signaling, by restoring membrane localization of E-cadherin and ␤-catenin in vitro (68) . Finally, genistein has also been shown to be effective in the regulation of Hedgehog pathway (123) . Importantly, genistein was found to reduce or delay prostate cancer growth in TRAMP mice (123) . Thus isoflavones can provide significant preventive or therapeutic options with minimal side effects to block hyperactive Wnt or Hedgehog pathways. Various studies have tested isoflavones for the treatment of postmenopausal hot flashes and for prevention of prostate cancer and other proliferative disorders (114) . However, more exhaustive mechanistic preclinical and clinical studies are required to assess the health benefit of isoflavones in cancer patients.
Polyphenols. Consumption of green tea has been shown to be associated with human health including prevention of cancer and heart disease. Green tea contains several catechins including epicatechin, epigallocatechin, epicatechin-3-gallate, and EGCG. Of all the catechins, EGCG has been shown to be the most potent for the inhibition of tumorigenesis in different animal models, including those for cancers of the skin, lung, oral cavity, esophagus, stomach, small intestine, colon, bladder, liver, pancreas, prostate, and mammary glands. Epidemiological studies have shown lower incidence of prostate cancer among Asian men with a high dietary intake of green tea, suggesting that green tea might be a preventive agent against cancers (55) . Indeed, high consumption of green tea has been associated with a decreased risk of advanced prostate cancer (71) . On the other hand polyphenols have been tested clinically to prevent skin aging, promote weight loss, prevent cancers, reduce cardiovascular disease, and slow neurological decline (93) .
The inhibitory effects of EGCG on Wnt and Hedgehog signaling have been reported in various cancers (30, 42, 97) . Moreover, a combination of EGCG with fish oil during intestinal tumorigenesis in Apc Min/ϩ mice fed a high-fat diet for 9 wk significantly reduced the tumor burden through inhibition of Wnt/␤-catenin signaling (14) . In breast cancer cells, EGCG treatment induced HBP1 transcriptional repressor levels through an increase in HBP1 mRNA stability (59) . However, knockdown of HBP1 reduced sensitivity to EGCG in the suppression of Wnt signaling and its target gene c-Myc expression (59) . Moreover, EGCG also reduced both breast cancer cell proliferation and invasiveness in an HBP1-dependent manner, suggesting that EGCG blocks Wnt signaling and inhibits invasion of breast cancer through the induction of HBP1 transcriptional repressor (59) . EGCG can also reduce or delay prostate cancer growth in TRAMP mice (123) . Taken together, these results indicate that the Hedgehog signaling could be a target of EGCG, leading to the inhibition of prostate cancer cell growth in vitro and in vivo. Finally, EGCG has also been shown to effectively inhibit cellular proliferation and induce apoptosis of SW1353 and CRL-7891 human chondrosarcoma cells by targeting the Indian Hedgehog pathway, suggesting that EGCG can have therapeutic relevance in the treatment of patients with chondrosarcoma (138) . Yet the molecular mechanisms of inhibition of carcinogenesis in animals and humans remain to be further investigated.
Resveratrol. Resveratrol, a naturally occurring stilbene found in the skin of red grapes and peanuts, has been shown to exhibit a number of beneficial effects, including anticancer, antioxidative, anti-inflammatory, and antimicrobial activity. Resveratrol suppresses multiple signaling pathways including IGF-1R, Akt and Wnt signaling (146) . When combined with dexamethasone, fludarabine, and bortezomib (109), resveratrol exhibited significant inhibitory effect on Waldenstrom's macroglobulinemia cells (109), suggesting resveratrol's therapeutic effects. Interestingly, resveratrol promotes differentiation of osteoblasts by positively regulating Wnt/␤-catenin signaling within mesenchymal cells (164) . Resveratrol has also been shown to inhibit tumor-induced neovascularization in lung metastasis model, block binding of vascular endothelial growth factor to human umbilical vein endothelial cells (HUVEC) and inhibit the formation of capillary-like tube from HUVEC, suggesting that the antimetastatic activities of resveratrol might be due to the inhibition of neovascularization and tube formation (angiogenesis) (60) . Resveratrol, similar to tea polyphenols, also regulates Hedgehog signaling by inhibiting Gli1 mRNA expression and downregulating Gli reporter activity, suggesting that resveratrol could be positively associated with either preventing or lowering the risk for prostate cancer. Finally, resveratrol was also shown to reduce metastasis of CT-26 mouse adenocarcinoma cells to the lungs and increase survival (156) . And although tested as a cancer preventative, resveratrol has garnered significant interest as a cardiovascular disease modifier in humans (100) .
Lycopene. Lycopene is the pigment principally responsible for the deep-red color of tomatoes and its products including ketchup, tomato juice, and pizza sauce, which are the richest sources of lycopene in the US diet. Lycopene is a potent antioxidant. Frequent consumption of tomato products is associated with a lower risk of breast, prostate, and endometrial cancer cells. Human epidemiological and clinical studies have suggested a potential role for lycopene in cardiovascular and prostate cancer risk reduction (36) . An in vivo animal study showed that lycopene had antitumor effects that could be potentiated by vitamin E, an antioxidant that is also present in tomatoes (81), confirming the anticancer activity of lycopene. A phase II clinical trial has shown that lycopene supplements reduced tumor size and prostate-specific antigen level in localized prostate cancer (69, 70) , suggesting its promising effects on prostate cancer prevention and/or treatment. Studies have further shown that lycopene could reduce inflammatory signals, prevent oxidative DNA damage, and regulate the expression or activity of IGF/Akt, Wnt/␤-catenin, and androgen receptor (AR) signaling (157) . Lycopene reduced AR and ␤-catenin nuclear localization and inhibited IGF-1-stimulated prostate cancer growth, perhaps by attenuating the effects of IGF-1 on phosphorylation of Akt and GSK-3␤. Both lycopene and ␤-carotene have been shown to inhibit lung metastasis in an experimental setting, whereas lycopene also decreases the level of vascular endothelial growth factor and metalloproteinases (51) .
Indole-3-carbinol and 3,3=-diindolylmethane. 3,3=-diindolylmethane (DIM) is the dimeric product of indole-3-carbinol (I3C), which is produced from naturally occurring glucosinolates contained in a wide variety of plants including members of the family Cruciferae. In the stomach, I3C undergoes extensive and rapid self-condensation reactions to form several derivatives including DIM, which is the major derivative and condensation product of I3C. Epidemiological studies indicate that human exposure to indoles through consumption of cruciferous vegetables can decrease cancer risk (50) . Clinical studies have assessed these agents for treatment of obesity, hormonal imbalance, and various cancers (89) . DIM has been shown to reduce oxidative stress and stimulate the expression of antioxidant response element-driven gene, suggesting the antioxidant function of indole compounds (65, 92) . In vivo, DIM is not toxic and is in fact preventive against the development of prostate cancer in a mouse model (38) . DIM is also found to regulate Wnt signaling through the regulation of Akt/GSK-3␤ signaling leading to the inhibition of prostate cancer cell growth and induction of apoptosis (79) . Sulforaphane is another natural compound derived from broccoli/ broccoli sprouts that has been shown to target cancer stem cells, thereby suggesting a potent preventive or antimetastatic role (80) .
Miscellaneous agents. Selenium is an essential micronutrient found in grains, fish, meat, poultry, or eggs and is available in over-the-counter supplements and multivitamins. Epidemiological studies have shown that selenium could be a protective agent against the development of prostate and colorectal cancers. A study conducted to test the level of selenium in serum and prostate of 52 men after selenium supplementation found significantly higher levels in the prostatic tissue (44), a testament of its bioavailability. Although more studies are needed, selenium seems to target Wnt, AR, and Notch pathways to affect the disease process (61) . The plant flavonoid fisetin can induce apoptosis and suppress the growth of colon cancer cells by inhibition of Wnt and COX-2 signaling. It was found that the treatment of colon cancer cells with fisetin inhibited the activity of Wnt signaling through downregulation of ␤-catenin and TCF-4, resulting in decreased expression of Wnt signaling target genes such as cyclin D1 and MMP-7 (133) . Another novel natural product, dammarane-type triterpene sapogenin (PPD25) isolated from the leaves of Panax notoginseng, showed anticancer activity in colon and lung cancer cells by targeting components of the Wnt/␤-catenin pathway (11) . In addition, a naturally derived agent deguelin was found to inhibit Wnt/␤-catenin signaling in breast cancer cell lines (91) . Finally, it was reported that dietary fish oil could play a protective role against colorectal cancer through the downregulation of COX and Wnt/␤-catenin pathways (145), suggesting the added beneficial effects of fish oil.
In conclusion, the failure of conventional chemotherapy to reduce mortality makes natural products ideal candidates for exerting synergism and reducing side effect burden in combination with conventional anticancer drugs.
Microbial Ecosystem and Human Health
During our lifetime, we consume on average 30 -45 tons of food that passes through our gastrointestinal tract. Although food is indispensable, its passage also poses a considerable health risk since it provides exposure to dietary antigens, viable microorganisms, and bacterial products. In the intestinal tract, the mucosa is the first line of defense to protect against pathogenic products (e.g., endotoxins, hydrogen sulfide, phenols, ammonia, and indoles) or microbiota. At the same time, the intestinal tract absorbs essential nutrients and acts as an ideal fermenter for microbiota (45) . Indeed, the human gastrointestinal tract is home to an extremely numerous and diverse collection of microbes, collectively termed the "intestinal microbiota." This microbiota is considered to play a number of key roles in the maintenance of host health, such as aiding digestion of otherwise indigestible dietary compounds, synthesis of vitamins and other beneficial metabolites, immune system regulation, and enhanced resistance against colonization by pathogenic microorganisms. The human microbiota is a diverse and dynamic ecosystem, which has evolved in a mutualistic relationship with its host. Recent findings have demonstrated that the gut microbiome complements our human genome with at least 100-fold more genes. In contrast to our Homo sapiens-derived genes, the microbiome is much more plastic, and its composition changes with age and diet, among other factors. Elucidating the mechanisms behind host-microbe interaction involved in health and disease is a prerequisite for understanding processes and the subsequent development of therapies, drugs, and probiotics. To accomplish these goals, researchers require tractable model ecosystems such as ex vivo gastrointestinal model systems to recapitulate and investigate host-microbe interaction in real time (110) .
"Microbiota" is the term used to describe the community of microorganisms (bacteria, viruses, and fungi) that normally live in or on a given organ in the body. There's a unique microbiota that inhabits the mouth, for example; another that lives on the skin; and still another that resides in the intestine. Given an intestinal surface area of about 2,700 square feet, the microbiota inhabiting the gut is the largest and most diverse in the body. How large and diverse? The gut microbiota contains roughly one quadrillion cells, at least ten times as many cells as does the human body itself. More than 1,000 bacterial species having been identified to date, with unknown numbers yet to be discovered. How do all those bacteria get there? The fetal intestine, in the absence of congenital infection, is sterile in utero. The bacteria that come to colonize the bowel are acquired during birth and shortly afterward, a process that is very much influenced by how a baby is born.
In vaginally born babies, the bacteria destined for the gut microbiota originate primarily in the maternal birth canal and rectum. Once these bacteria are swallowed by the newborn, they travel through the stomach and colonize the upper and lower intestine, a complicated process that evolves rapidly. Infants born by cesarean section (C-section), particularly cesareans performed before labor begins, don't encounter the bacteria of the birth canal and maternal rectum (if a cesarean is performed during labor the infant may be exposed to these bacteria, but to a lesser degree than in vaginal birth). Instead, bacteria from the skin and hospital environment quickly populate the bowel. As a result, the bacteria inhabiting the lower intestine following a cesarean birth can differ significantly from those found in the vaginally born babies. Whatever the mode of delivery, a core gut microbiota is well established within a few weeks of life and persists largely intact into adulthood. A less stable peripheral microbiota, one that is more sensitive to changes in diet and environmental factors, like antibiotics, is created as well. Between 1 and 2 years of age, when weaning from breast milk typically leads to a diet lower in fat and higher in carbohydrates, the gut microbiota takes on its final, mature profile. The dramatic first steps in immune system development take place at the same time the core microbiota is being formed, and the gut bacteria play a key role in that process. In the hours and days following birth, the newly arrived gut bacteria stimulate the newborn to produce white blood cells and other immune system components, including antibodies directed at unwelcome, disease-causing microorganisms. The bacteria of the microbiota also "teach" the newborn's immune system to tolerate their own presence: to differentiate bacterial friend from foe, in other words. In babies born via C-section, the young immune system is confronted with unfamiliar, often hostile bacteria, including Clostridium difficile, a species particularly common in hospitals. In addition, the healthy probiotic bacteria associated with vaginal birth (e.g., lactobacillus) arrive later and in lower numbers. These changes in the composition of the normal gut microbiota occur during a critical time in immune system development.
The gastrointestinal tract microbiota ( Fig. 1 ) contributes to the development and differentiation of the mammalian immune system. The composition of the microbiota affects immune responses and susceptibility to infection by intestinal pathogens and development of allergic and inflammatory bowel diseases (IBDs). Antibiotic administration, while facilitating clearance of targeted infections, also perturbs commensal microbial communities and decreases host resistance to antibioticresistant microbes. Hundreds of bacterial species make up the mammalian intestinal microbiota. Following perturbations by antibiotics, diet, immune deficiency, or infection, this ecosystem can shift to a state of dysbiosis.
Dysbiosis: Is It Causatively Linked to Human Diseases?
There is a growing interest in research on the importance of gut microbiome in energy homeostasis, inflammation, and its role in pathogenesis of obesity-related disorders. Recent evi-dence suggests that there is a link between the human gut microbiome and the development of obesity, cardiovascular disease, and metabolic syndromes, such as Type 2 diabetes. Similarly, there is increasing evidence for dysbiotic microbiota in carcinogenesis (117) . Although perturbations in the composition or functions of the microbiota are linked to inflammatory and metabolic disorders [e.g., IBDs, irritable bowel syndrome (IBS), and obesity], it is unclear at this point whether these changes are a symptom of the disease or a contributing factor. A better knowledge of the mechanisms through which changes in microbiota composition (dysbiosis) promote disease states is needed to improve our understanding of the causal relationship between the gut microbiota and disease.
"Dysbiosis" describes a situation in which the composition/ activities of the microbiota are altered to a state that may be deleterious to the host (41, 136) . However, the underlying mechanisms behind the development of clinical dysbioses are complicated because of the fact that no single species, or collection of species, is universally accepted as a definitive biomarker of dysbiosis (13) . It is clear that interindividual variation in microbiota composition is as common a feature in dysbiosis as it is in health (40, 88, 149, 158) . But there is no doubt that the intestinal microbiota structure and composition is altered in numerous disorders, and mounting evidence suggests that these alterations may play roles in disease progression and maintenance (33) . The evidence for intestinal microbiota involvement is strongest for diseases of the gastrointestinal tract. However, it should be noted that there is also evidence that links the intestinal microbiota to disorders such as diabetes, obesity, metabolic syndrome, asthma, cardiovascular disease, and atopy (49, 78, 148, 150, 152, 155) . Despite interindividual variation, there are a number of recurring features that typically characterize the intestinal microbiota in disease states. It appears, for example, that a reduction in overall bacterial diversity is common in dysbiosis (22, 77, 86, 88) . Furthermore, regardless of the disease under investigation, reductions in the obligatory anaerobic members of the Firmicutes phylum are commonly reported (22, 40, 126, 159) . The evidence is not as consistent for members of the Bacteroidetes phylum, although they have been shown to be severely reduced during antibiotic-associated diarrhea and C. difficile disease (22, 141) and in some, but not all, IBD patients (40, 88) . Very often reductions in the obligatory anaerobic lineages occur in tandem with increased presence of facultative anaerobes, including members of the Enterobacteriaceae family of the Proteobacteria phylum (43, 83, 85, 127) . Of note, this family contains a number of strict and opportunistic pathogens such as Salmonella spp., Shigella spp., Klebsiella spp., Proteus spp., and Escherichia coli. Broad-scale changes in composition, and reductions in overall diversity, in dysbiosis can also have major impacts on the range and volume of metabolites that are produced by microbes in the colon. For example, reduced or perturbed SFCA production is a hallmark of intestinal disturbance caused by factors such as antibiotic treatment or diarrhea (27, 106) .
Changes in intestinal microbiota composition often correlate with chronic inflammation and disruptions in the epithelial/ mucosal barrier. Such correlations do not of course necessarily equate to causality (41) , but there are a number of ways in which altered microbiota might impact or prolong disease and dysbiosis. A reduction in overall short-chain fatty acid (SCFA) Fig. 1 . A gradient defining the spatial arrangement of the intestinal microbiota. Please note increasing bacterial density and diversity, in the jejunum/ileum from the stomach and duodenum, and in the large intestine. Bacteria that reside in the colon represent the highest cell densities recorded for any ecosystem. levels, for example, may contribute to diarrhea by reducing sodium and water absorption (106) . This would act to inhibit the regrowth of beneficial microbes, thus delaying the reestablishment of a healthy microbiota profile. Furthermore, given the postulated anti-inflammatory effects of butyrate, it is possible that depletion in butyrate-producing bacteria in dysbiosis (for example Faecalibacterium prausnitzii in IBD) may be a contributory factor toward excessive inflammation (126) .
Inflammation per se may also be a key driver of the failure to resolve dysbiosis. Specific bacteria, including members of the Enterobacteriaceae family, appear to survive better under the prevailing conditions in the inflamed gut than the anaerobic commensals that are dominant in a healthy gut (18, 39, 43, 83, 127) . Salmonella enterica enterica, serovar Typhimurium, for example, has diminished susceptibility to host-derived antimicrobials and has evolved the capacity to incorporate host compounds generated during inflammation for growth (82, 105, 128, 140, 162) . In this model, opportunistic species, for example adherent-invasive E. coli, interact with the mucosal surface to weaken the barrier function and initiate host immune responses against other commensals. This enhances their own survival in the gut but also prolongs dysbiosis. Inflammationinduced depletion of potentially anti-inflammatory species such as butyrate-producing Firmicutes, and/or anti-inflammatory microbial factors like polysaccharide A of B. fragilis may exacerbate the cycle of inflammation and so further favor the growth of resistant proinflammatory species (160) . If this theory is correct, then it is possible that these proinflammatory cycles will need to be broken to disrupt dysbiosis and restore homeostasis. Finally, dysbiosis may also impact the host's exposure to deleterious compounds. Ammonia, phenols, indoles, sulfide, and amines are known to be toxic and are produced in varying amounts by the gut microbiota (124) . If there is a predominance of microbes that produce these compounds in dysbiosis, regardless of whether they are the direct cause of disease, they may still impact long-term host health. Given the far reaching influence of the intestinal microbiota on human health, a clear future goal must be to develop reliable means to alter the composition of the microbiota and restore a healthy balance of microbial species. Although it is clear that much fundamental research remains to be done, potentially important therapeutic options include narrow-spectrum antibiotics, novel probiotics, dietary interventions, and more radical techniques such as fecal transplantation, all of which aim to suppress clinical dysbiosis, restore intestinal microbiota diversity, and improve host health.
Microbes and Specific Diseases
One of the most important modern discoveries linking a specific human disease condition to the microbiome or a microbe was the discovery of Helicobacter pylori's association with peptic ulcer disease (PUD). Much of this work was done by investigators Warren and Marshall in 1983 (152a) . Helicobacter pylori has also been linked to gastric cancer and mucosaassociated lymphoid tissue (MALT) gastric lymphomas. Although much of the world's population has a gastrointestinal tract colonized by Helicobacter pylori and suffers little or no sequelae, Warren and Marshall established that in some individuals the organism leads to significant and detrimental gastric mucosal inflammation and adverse outcomes. In fact, recent genetic analysis suggests the organism (which has probably coevolved with humans for 40 -50,000 years) is dying out as an endemic commensal in the Western world. Use of antibiotics and acid reducing regimens to eliminate the bacterium were established soon after Warren and Marshall's discovery. These approaches have been adopted as an evidencebased clinical approach for PUD. Despite this, research continues to evaluate whether colonization and commensal coexistence between human hosts and H. pylori might provide certain health benefits, specifically in terms of digestion and metabolic benefits. Reduced H. pylori colonization, for example, in the Western world may relate to increased rates of gastroesophageal reflux disease, esophageal cancer, and various allergic and asthmatic conditions.
Other recent research discoveries and preliminary approaches in clinical medicine have promoted a focus on dysbiosis and specific disease states. The rise of C. difficile as a common and serious pathogen has been clearly linked to the extensive modern use of broad spectrum antibiotics. These antibiotics, often with a potential for eliminating an array of both gram-positive and gram-negative bacteria, may leave an individual in a "dysbiotic state" with a high disposition for overgrowth and colonic infection with C. difficile. Severe diarrhea, dehydration, and weight loss often result from overgrowth of this pathogen, and the condition is much more common in older adults with comorbid diseases. It is also likely that the common microbial shifts tied to aging (as described above) may also predispose to risk for this form of "colitis." C. difficile colitis may respond to the addition of multiple agents within the arsenal of antibiotic therapy (typically either motronidazole or oral vancomycin), but many individuals remain at risk for recurrence. New regimens developed for those with recurrent "C. dif" include "fecal transplantation," a technique currently receiving a great deal of attention and study by gastroenterologists and infectious disease specialists. Both direct small intestinal and colonic delivery of "healthy microbial" samples are being tested clinically and by industry. The impact of C. difficile on population health and geriatric medicine is likely to grow in coming decades and this pathogen will spur additional research on probiotics, prebiotics, and dysbiosis.
IBS has also been linked in some studies to changes in the gastrointestinal microbial environment. IBS is characterized by frequent and recurrent abdominal pain, bloating, and alternations between diarrhea and constipation. In studies comparing IBS sufferers to normal controls, relative reductions in Lactobacilli and Bifidobacteria have been seen (28, 137) . Although IBS may not be flora related in all cases, the therapeutic value of various antibiotics, prebiotics, and probiotics for the disorder lends some support to the connection. Additional studies should provide useful information.
IBD, such as Crohn's disease and ulcerative colitis, has also been studied as a microbial condition. Some dysfunction of the normal microbiome and host immune system symbiosis is likely responsible for the chronic inflammation and secondary complications of these diseases. Unfortunately, probiotic treatment trials have yielded conflicting results to date. Additional studies evaluating the initial development of IBD and the potential for certain microbiome profiles in disease prevention are underway.
Metabolic disorders such as obesity and Type 2 diabetes mellitus have also been linked to modern era dysbiosis. Alterations in the gut microbiome have led to changed carbohydrate and nutrient mobilization within the intestine, potentially aiding caloric exposure and nutrient processing.
In pediatric disorders, a number of conditions have been tied to dysbiosis. Conditions such as atopic dermatoses in infants, diarrhea, necrotizing enterocolitis in preterms, and caries infections have been improved with probiotic treatments. Probiotic therapies have been shown effective for reducing diarrhea, constipation, and food intolerance in infants transitioning from breast milk to a complex diet.
Finally, the influence of microbiome on cancer in general and colorectal cancer (CRC) in particular, is poorly understood. Some recent studies showed differences in microbial profiles between those with and without CRC (19, 65, 87, 125, 151) . One study found greater Bacteroides and Prevotella species in CRC patients than in stool from cancer-free patients. Fusobacterium was found at higher levels in CRC tissue analysis (19, 65) . Interestingly, an elegant review recently discussed many organs, such as the liver and pancreas, that do not have their own defined microbiome but may be influenced by bacterial molecular patterns and metabolites because of anatomic links to the gut. GI microbes and metabolites may have various health-promoting or deleterious influences even in adjacent organ systems (117) . Thus gastrointestinal microbes and microbial metabolites can have varied health promoting and deleterious influences.
Fecal Transplant and the Human Microbiome
Human fecal transplantation [or fecal microbiota transplantation (FMT)] has been gaining increased attention as a potential mechanism to treat infectious colonic disease and to change the human microbiome. Several methods have been used clinically and several additional methods are under development. Transplant has most often been used to treat persistent C. difficile infection (57). As described above, C. difficile infection can cause chronic diarrhea, weight loss, and even death in the elderly if resistant to standard antimicrobials. Recent randomized trials show encouraging results (144) .
Clinical setups for FMT have included rectal retention enema, where 150 g of stool from health volunteers is mixed with 300 ml of sterile saline, then administered rectally. Other methods have included feces cultured in culture media, then introduced as a 30-ml suspension by enema, colonoscopy, or nasogastric tube (56) . Some clinical protocols have used purified intestinal bacterial cultures (99) . Patients receiving transplants are often pretreated with antibiotics that are discontinued just prior to the receipt of the donor fecal material. Regimens may involve a single administration or daily administrations for a short course.
The limited literature on FMT suggests that the procedure is successful ϳ90% of the time (58, 84, 99, 111) . There is a great need for additional randomized controlled trials that can verify outcomes for various disorders and assess safety. In addition to colonic disease, FMT may also prove useful to treat various other conditions, including colitis, constipation, IBS, and some neuropsychiatric conditions (6) .
Diet and Microbiome
Interactions between the gut microbiome and the diet are complex and dynamic. Diet is the primary determinant in the development of the microbiota colonization pattern from the first stages of life. In infants exclusively on breast milk, the gut microbiota is enriched in bifidobacteria and lactic acid bacteria, whereas the community in babies on formula diet is dominated by bifidobacteria, Bacteroides spp., Clostridium spp., and facultative anaerobes (10) . Breast milk, which is usually rich in oligosaccharides, apart from contributing to the growing nutritional requirements of infants, also influences the infant immune system while providing a degree of protection against pathogens. Milk is also a good source of microbes required to colonize the baby's gut (Fig. 2) Weissella, Leuconostoc, Staphylococcus, Streptococcus, and Lactococcus. The role of natural products in modulating the infant's immune system through the mother can be assessed by using genetically engineered microbiomes in animal models. Using near infrared fluorescent (NIRF) compound that is capable of binding to the phospholipids on the bacterial surface, the mother to infant transfer of the NIRF signals in the guts of mouse pups (Fig. 3) can be monitored and evaluated (R. V. L. Papineni and S. Umar, personal observation). The introduction of solid food leads to a dramatic shift into the intestinal microbiota composition (37) . Intriguingly, comparison of the fecal microbiota by 16S rDNA sequencing of children from Burkina Faso consuming a rural African diet with children from Italy consuming a modern Western diet showed no significant differences in the microbiota composition between the two cohorts during the breastfeeding period (32) . After weaning, however, enrichment in Bacteroidetes, Prevotella, and Xylanibacter was observed in Burkina Faso children in addition to higher levels of SCFAs, the main products of polysaccharide fermentation. In the Italian children, on the other hand, these features were completely absent. Gordon's group (163) also recently reported parallel ontogenetic changes in the microbiome of Malawian, Venezuelan, and American populations from infants to adults, associated with differences in diet, culture, and lifestyle. Interestingly, the authors observed that the gut microbiomes of the Malawian and Venezuelan populations, which consume a "rural" diet, were enriched in Prevotella spp., similar to the observation of De Filippo et al. (32) in the Burkina Faso cohort. In the American population, since the diet is higher in protein, the microbiome is enriched with genes necessary for breaking down amino acids. Moreover, the microbiome of the American tends to shift to a more Bacteroides-enriched gut community (11) . These results support previous findings that carnivore microbiomes are enriched in protein degradation genes, whereas herbivore microbiomes are enriched in genes necessary to break down starch (90) . Thus these studies solidify the notion that nutrition is a driving factor in shaping gut microbiota composition and its functional maturation, from birth to adulthood. More studies are needed, however, to determine what factors or events during gut microbiota maturation might contribute to the development of metabolic disorders.
Epidemiologically, fruits and vegetables protect against chronic diseases including cardiovascular disease, cancer, obesity, and diabetes. Dietary fibers are thought to contribute significantly toward the protective nature of plant structural and storage polysaccharides (12, 29) . Interestingly, both potentially interact with the gut microbiota: for many polyphenols microbial transformation modifies bioavailability and activity, and fiber is the major energy source for fermentation in the colon, the dominant metabolic activity of the gut microbiota. Polyphenols are partially absorbed in the small intestine, being modified by phase I and II reactions in the liver, producing glucuronides and sulfates that can be shunted back into the intestine via bile. Microbial conversion then takes place in the colon, directing the degradation of complex metabolites into simpler forms, leading to absorption, systemic circulation, or urinary and fecal excretion. Enterococcus casseliflavus is described to be involved in the hydrolysis of sugar moieties, such as in quercetin-3-glucoside, releasing the aglycone quercetin, with acetate, lactate, formate, and ethanol production. Eubacterium ramulus, Eubacterium oxidoreducens, Flavonif ractor plautii, as well as several Clostridium strains have been associated with the fermentation of the aglycone quercetin, leading to the formation of taxifolin, 3,4-dihydroxyphenyl-acetic acid, acetate, and butyrate (67, 116, 161) . The catabolism of polyphenols is associated with the production of benzoic acid, which normally undergoes glycine conjugation in the liver, leading to the production of hippuric acid, easily detected in urine. To better assess the modulation of polyphenols in the gut microbiome, bacterial groups have recently been associated with specific cocoa and coffee polyphenols. For example, the flavanol monomer (ϩ)-catechin significantly increases the growth of the Clostridium coccoides-Eubacterium rectale group, Bifidobacterium spp., and E. coli and inhibits the growth of the Clostridium histolyticum group (142) . A metabolic pathway for the catabolism of (epi)catechins where ring rupture takes place and simple phenolics are produced, such as 3,4-dihydroxybenzoic acid and 3-hydroxybenzoic acid. In vitro digestion of water-insoluble cocoa fractions with gastrointestinal enzymes was carried out to investigate the biotransformation of polyphenols. Interestingly, bacterial fermentation of the insoluble material was associated with an increase of bifidobacteria and lactobacilli as well as butyrate production. Flavanols were converted into phenolic acids by the microbiota, resulting in an increasing concentration of 3-hydroxyphenylpropionic acid. These microbial changes were associated with significant reductions in plasma triacylglycerol and C-reactive proteins, suggesting the potential benefits associated with the dietary inclusion of flavanol-rich foods.
A European Commission in 2008 defined dietary fiber as "carbohydrate polymers with three or more monomeric units, which are neither digested nor absorbed in the human small intestine and include: edible carbohydrate polymers naturally occurring in the food as consumed, edible carbohydrate polymers which have been obtained from food raw material by physical, enzymatic, or chemical means and which have a beneficial physiological effect demonstrated by generally accepted scientific evidence and edible synthetic carbohydrate polymers. Importantly, this definition recognizes the role of dietary fiber in maintaining human health. Fiber is consistently found to be inversely associated with chronic human diseases such as cancer and cardiovascular disease in large-scale human epidemiological studies. Similarly, studies in laboratory ani-mals have provided mechanistic data linking high dietary fiber (typically 10% w/w diet) and protection from these same diseases. This is particularly true for the prebiotic dietary fibers that are selectively fermented to affect specific changes, in the composition and/or activity of the gastrointestinal microbiota, thus conferring benefit(s) upon host health" (54) . Dietary prebiotics have been repeatedly shown in both animals and humans to modulate the gut microbiota by state of the art culture-independent microbiological techniques, and they typically increase the relative abundance of bifidobacteria. In the CR model, we have discovered that dietary intervention with pectin leads to restoration of commensals such as B. vulgatus, S. gordonii, and L. lactis, which were lost during CR-induced colitis, suggesting potent prebiotic effects (personal observation). There is also strong animal data linking prebiotics with protection from metabolic syndrome, obesity, Type 2 diabetes, colon cancer, and IBD and fortifying the gut microbiota against invading gastrointestinal pathogens (40, 78, 104) . However, few human studies have been conducted with levels of dietary fiber or prebiotic demonstrated in animals to protect against these chronic diseases.
The estimates of fiber intake for Western populations are in the range 20 -25 g per day compared with populations consuming traditional diets rich in fruits, vegetables, and grains and our ancestral hunter-gatherers, who consume or consumed between 70 and 120 g fiber per day (102, 120) . Plant nonstarch structural polysaccharides, by nature of their chemical makeup, resist the degradative activities of human digestive enzymes in the stomach and small intestine. Plant storage carbohydrates such as starch may also be rendered physically or chemically inaccessible to human digestive enzymes and reach the colon (120) . For example, polyphenol-rich beverages when con- sumed at meal times can affect starch digestion by inhibiting starch-degrading enzymes in the upper gut and thus blunting postprandial glucose peaks. Similarly, the Maillard reaction in cooked foods can increase the recalcitrance of food macromolecules to digestion, leading to increased survival of both carbohydrates and proteins until they reach the colon (48) . However, once these food compounds reach the colon, they become available to the fermentative activities of the human colonic microbiota. Recent metagenomic studies have highlighted that the gut microbiota is specifically evolved for the digestion of complex plant polysaccharides, possessing a range of polysaccharide-and glycan-degrading enzymes not present in the human genome (48) . In this way, the human gut microbiota can be viewed as a closely coevolved microbial partner to the human genome, extending host-encoded functions and allowing the host to derive energy and other biologically active compounds from food components that would otherwise remain inaccessible and be excreted as waste. Carbohydrate fermentation is the chief energy source for the gut microbiota, and the proximal colon can be viewed as a saccharolytic environment, where the dominant fermentative activity is carbohydrate fermentation leading to the production of the SCFAs such as acetate, propionate, and butyrate. These small organic acids have diverse functions in the host, not just supplying energy to the intestinal mucosa, heart, brain, and muscle but also playing important roles in human cell differentiation, proliferation, and programmed cell death; regulation of immune function; thermogenesis; and lipid metabolism (15) . In individuals following a Western-style diet, as dietary fiber and colonic carbohydrate are used up in the proximal colon, saccharolytic fermentation decreases along the transverse and distal colon as the concentration of substrate decreases. Microorganisms then switch to other energy sources including dietary-or host-derived proteins and amino acids. The end products of amino acid fermentation include SCFA but also branched-chain fatty acids, amines, indoles, sulfides, and phenols, some of which are potentially harmful, being variably genotoxic, cytotoxic, and carcinogenic. Human populations with higher intakes of dietary fiber and whole plant foods tend to have higher concentrations of SCFA in their feces, suggesting that in these populations carbohydrate fermentation may be extended along the length of the colon. This may thus avoid buildup of toxic or harmful metabolites produced when bacteria switch their fermentation substrate from carbohydrate to amino acids. It has recently been shown that a threefold increase in dietary fiber results in a proportional increase in SCFA production by the gut microbiota and extends saccharolytic fermentation into the transverse and distal colon using an in vitro three-stage model of the human colonic microbiota (139) . It will be very interesting to confirm in humans following a low-fiber Western-style diet whether intervention with high levels of dietary fiber can modulate the health-promoting saccharolytic activities of the gut microbiota to a similar degree in vivo, not only along the length of the gastroenterological tract but in anatomically linked organs such as liver and pancreas.
Understanding the resilience of the gut microbiota is crucial for determining the efficacy of therapeutic diets. Consuming a carbohydrate-or fat-restricted low-calorie diet for a year, or a high-fat and a low-fiber, or low-fat and high-fiber diet for 10 days can induce statistically significant changes in the gut microbiota. However, these changes in species and gene content are small compared with the baseline variations that occur between individuals. Long-term dietary surveys and crosscultural comparisons suggest that changes to diet might lead to regime changes over longer periods of time, perhaps by eroding the landscape of alternative stable states.
In conclusion, diet is a major force that shapes the composition and activity of the gut microbiota (Table 1) . Interactions between different dietary factors and gut microbes may lead to dysbiosis that exerts distinct immune responses in the host, resulting in higher susceptibility to various gastrointestinal and systemic diseases. Probiotics and fecal microbiota transplantation may all be effective, inexpensive, and safe remedies to prevent and/or treat diseases.
GRANTS
This work was partially supported by R01 grant from the National Cancer Institute (R01-CA-131413) and by start-up funds from The University of Kansas Medical Center.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
AUTHOR CONTRIBUTIONS
A.K.G., R.V.L.P., and S.U. edited and revised manuscript; A.K.G., R.V.L.P., and S.U. approved final version of manuscript; R.V.L.P. performed experiments; R.V.L.P. and S.U. analyzed data; R.V.L.P. and S.U. prepared figures; R.V.L.P. and S.U. drafted manuscript; S.U. conception and design of research.
